The number of epidermal cells, osmotic potential, and carbohydrate and inorganic ion concentrations in petals during development and opening of Tweedia caerulea D. Don flowers was studied. The number of adaxial epidermal cells was greater than that of abaxial epidermal cells at all stages. The increase in cell number stopped at the stage just before flower opening. The size of adaxial and abaxial epidermal cells increased during flower development and opening. The results indicate that petal growth before flower opening depended on cell division and expansion, and petal growth during flower opening was attributable to petal cell expansion. Osmotic potential decreased and fructose, glucose and sucrose concentrations in the petals gradually increased during flower opening. Starch content and total inorganic ion concentration were almost constant during flower opening. Decreased osmotic potential is mainly attributed to increased glucose, fructose and sucrose concentrations. It is concluded that an increase in these sugar concentrations largely contributes to the decrease in osmotic potential. This decrease may facilitate water influx to cells, thereby maintaining pressure potential, which is apparently involved in petal cell expansion associated with flower opening.
Introduction
Tweedia caerulea, which has previously been called Oxpetalum caeruleum, is native to South America. In Japan, T. caerulea is mainly grown for cut flowers. The flowers show a star-like shape with bright blue petals, and thus are called 'Blue Star'. The inflorescence of T. caerulea has many flowers. Flower buds of cut inflorescences do not usually open fully, but the application of sucrose promotes flower opening (Hiraya et al., 2002) . This suggests that soluble sugars are important in flower opening in T. caerulea.
During petal growth associated with flower opening, the petal cells divide and expand. In Gaillardia grandiflora, the number of abaxial epidermal cells does not increase from the stage when petals are very small, suggesting that cell division of the petals stops at a stage much earlier than flower opening (Koning, 1984) . In carnation flowers, an increase in DNA content in the petals terminates when petals emerge from the calyx, suggesting that cell division also stops at an early stage (Kenis et al., 1985) . In rose flowers, petal growth during flower opening is mainly due to cell expansion (Yamada et al., 2009b) . Thus, petal growth associated with flower opening mainly depends on cell expansion in these flowers.
For cell expansion, the accumulation of osmotica and influx of water are required. Soluble carbohydrates act as osmotica and substrates for both respiration and cell wall synthesis. Starch content decreases whereas monosaccharide content increases during rose flower opening (Evans and Reid, 1988) . Similarly, glucose and fructose concentrations increase, and are associated with a decrease in starch content in the petals during flower opening in gladiolus (Yamane et al., 1991) . Fructans are also a reserve carbohydrate in some plants. In daylily petals, a decrease in fructan content is associated with an increase in monosaccharide content (Bieleski, 1993) . The increase in monosaccharides leads to a decrease in osmotic potential, which seems to contribute to petal cell expansion. In rose petals, increased glucose and fructose concentrations decrease osmotic potential, which may be associated with cell expansion in the petals 52 during flower opening (Yamada et al., 2009a) .
Some inorganic ions act as osmotica. In general, K + is the main ion contributing to osmotic potential (Cram, 1976) . In some plants, including barley leaves, concentrations of K + , Ca 2+ , Mg 2+ , Na + are relatively high, suggesting that these ions contribute to maintaining osmotic potential (Cram, 1976; Leigh and Tomos, 1993) . Application of inorganic salts including KNO 3 and KCl extends the vase life of cut carnation flowers (Mayak et al., 1978) . These findings suggest that inorganic ions may contribute to flower opening, but there has been only one paper on inorganic ion concentrations of petals during flower opening. Inorganic concentrations do not show marked changes during flower opening in rose petals (Yamada et al., 2009a) .
In the present study, we determined adaxial and abaxial petal cell number to clarify whether cell division stops during flower opening. Furthermore, we determined soluble carbohydrate and inorganic ion concentrations, starch content and osmotic potential during flower growth and opening in T. caerulea.
Materials and Methods

Plant material
Tweedia caerulea D. Don was grown in a greenhouse under conditions of natural day length and temperature ranging between a minimum of 15°C and a maximum of 25°C. Flowers at the following 4 stages were used in experiments. Stage 1, petals started to emerge from calyx; stage 2, petals emerged from calyx, and adaxial side of the petals started to show pigmentation; stage 3, adaxial side of petals almost completely pigmented; stage 4, flowers almost completely opened (Fig. 1) .
Measurement of petal area
Petal area was measured with a leaf area counter (AAM-9; Hayashi Denko, Tokyo, Japan).
Scanning electron microscopy
Petal epidermal cells were observed using a scanning electron microscope (SEM) (VE-7800; Keyence, Tokyo, Japan) according to the instruction manual. Fixation and scatter are unnecessary with this microscope model. The cell numbers of five angles that were randomly selected from one petal were counted. The area of one angle was 22,059 µm 2 . Total cell number per petal was calculated by multiplying the counted cell number by the total petal area. The average cell area was determined by one angle area divided by the cell number, as described in Nishijima et al. (2006) .
Measurement of osmotic potential
Petal segments (0.2 g FW) were immersed in 2.5 mL distilled water and heated at 100°C for 20 min. The osmotic potential of the resulting solution was measured with a vapor pressure osmometer (VAPRO5520; WESCO, Logan, UT, USA) according to the instruction manual. Osmotic potential due to soluble carbohydrates and inorganic ions was calculated as described by Thorpe et al. (1993) .
Determination of soluble carbohydrate concentrations
Soluble carbohydrate concentrations were determined by the method of Norikoshi et al. (2006) with slight modifications. Petals (0.2 g FW) were frozen in liquid nitrogen, placed in a centrifugal filter device (Millipore, Medford, MA, USA) and centrifuged at 12,000 × g for 10 min. The resulting fluids were separated using HPLC with a refractive index detector on a Pb-loaded Shodex SUGAR SP0810 cation exchange column (8 × 300 mm; Showa Denko, Tokyo, Japan) at 80°C and with a 0.8 mL·min −1 water flow rate.
Determination of starch content Petals (0.5 g FW) were immersed in 20 mL of 80% (v/v) ethanol at 70°C. The samples were homogenized and the resulting homogenate was centrifuged at 3,500 × g for 5 min. The resulting supernatant was discarded. The residue was washed with 10 mL of 80% (v/v) ethanol twice and dried in vacuo. The samples were suspended in 5 mL dimethyl sulfoxide and heated at 100°C for 30 min. The suspension was centrifuged at 3,500 × g for 5 min. An aliquot (0.1 mL) of supernatant was incubated with 4 units of glucoamylase (Seikagakukogyo, Tokyo, Japan) dissolved in 0.1 M acetate buffer (pH 4.8) at 37°C for 3 h. The liberated glucose was measured using Glucose CII Test-Wako (Wako Chemical, Osaka, Japan).
Determination of inorganic ion concentrations
Petals (0.2 g FW) were frozen in liquid nitrogen, placed in a centrifugal filter device (Millipore) and centrifuged at 12,000 × g for 10 min. The resulting fluids were used for the determination of inorganic ion concentrations by HPLC with an electroconductivity detector. Cations were separated with a Shodex IC YK-421 column (Showa Denko). The mobile phase was an aqueous solution composed of 5 mM tartaric acid, 1 mM dipicolinic acid and 1.5 g·L −1 boric acid at a flow rate of 1 mL·min −1 at 40°C. Anions were separated with a Shodex IC I-524A column (Showa Denko). The mobile phase was an aqueous solution composed of 2.5 mM phthalic acid and 2.3 mM tris(hydroxymethyl)aminomethane at a flow rate of 1.5 mL·min −1 at 40°C.
Results
Changes in fresh and dry weight and area of petals Fresh weight of petals at stage 1 was 13 mg, and increased up to 64 mg at stage 4. Dry weight of petals also increased during flower opening. Rate of fresh weight to dry weight increased at stage 4 ( Fig. 2A) . Whole petal area increased gradually during flower development and opening (Fig. 2B) . Figure 3 shows the morphology of epidermal petal cells. Some long conical cells were observed on the adaxial side (Fig. 3A) whereas multicellular hairs were observed on the abaxial side at stage 1 (Fig. 3B) . The numbers of cells having hairs did not increase in later stages (data not shown). Long conical cells on the adaxial side elongated (Fig. 3C ), but multicellular hairs on the abaxial side did not markedly elongate at stage 4 (Fig. 3D) . Adaxial epidermal cells were conical (Fig. 3E) , whereas abaxial cells were flat at stage 4 (Fig. 3F) .
Changes in epidermal cell numbers
The number of abaxial epidermal cells was greater than that of adaxial epidermal cells throughout all stages tested (Fig. 4A) . The number of abaxial and adaxial epidermal cells increased until stage 3 and remained almost constant thereafter. The area of both sides of cells increased gradually during flower development and opening (Fig. 4B ).
Changes in soluble carbohydrate concentrations and starch content Glucose, fructose, sucrose, and myo-inositol were detected in the petals. Fructose was the major soluble carbohydrate, followed by glucose at stage 1. Concentrations of fructose, glucose, and sucrose increased, but myo-inositol concentration did not increase from stage 2 to stage 4 (Fig. 5A) .
Starch content in the petals was almost constant during flower development and opening (Fig. 5B) . (Fig. 6 ).
Changes in inorganic concentrations
Changes in osmotic potential due to soluble carbohydrates and inorganic ions
Osmotic potential of the petals at stage 1 was −689 kPa and gradually decreased to −1,536 kPa at stage 4 (Fig. 7A) .
To evaluate the contribution of soluble carbohydrates and inorganic ions, osmotic potential was calculated. Osmotic potential due to total soluble carbohydrates at stage 1 was estimated to be −78 kPa, and decreased to −634 kPa at stage 4. In contrast, osmotic potential due to total inorganic ions at stage 1 was −309 kPa, and did not markedly change thereafter (Fig. 7B) .
Discussion
In the present study, we measured the number of abaxial and adaxial epidermal cells in petals undergoing flower opening to clarify the stage when cell division stops. Although petals are composed of abaxial and adaxial epidermal cells and parenchyma cells, only epidermal cells were counted because of the ease of observation. Abaxial and adaxial epidermal cell numbers did not increase from stage 3 (Fig. 4A) , suggesting that division of these cells stopped just before flower opening. Furthermore, cell area gradually increased with flower opening (Fig. 4B) . Thus, petal growth during flower opening, that is, from stage 3 to 4, appears to be due to cell expansion, although whether division of parenchyma cells stops by stage 3 remains uncertain. In flowers of G. grandiflora (Koning, 1984) , cell division stops at a very early stage, but cell division of petals continues during flower opening in roses (Yamada et al., 2009b) . Thus, the patterns of cell division in petals during flower opening differ among plants.
For cell expansion, a decrease in osmotic potential, followed by influx of water, is believed to be required. Indeed, the rate of fresh weight to dry weight increased during flower opening (Fig. 2) . Osmotic potential in the petals from stage 1 to stage 4 also decreased by −847 kPa (Fig. 7) , which was accompanied by an increase in glucose, fructose and sucrose concentrations (Fig. 5A) . Decreased osmotic potential due to total soluble carbohydrates in the petals from stage 1 to 4 was estimated to be −556 kPa (Fig. 7) ; thus, the increase in glucose and fructose concentrations largely contributes to the decrease in osmotic potential. Although water and pressure potentials were not investigated in the present study, the decrease in osmotic potential should facilitate water influx to cells, leading to an increase in pressure potential, which may be involved in the expansion of petal cells. In the petals of rose flowers, decreased osmotic potential induced by increased glucose and fructose concentrations have been reported (Yamada et al., 2009a) . Increased fructose and glucose concentrations in the petals during flower opening have been observed in carnation (Ichimura et al., 1998) , chrysanthemum (Ichimura et al., 2000b) and gladiolus (Yamane et al., 1991) . In contrast, fructose concentration is very low in sweet pea (Ichimura et al., 1999) and Eustoma (Shimizu and Ichimura, 2005) , whereas mannitol and 2-C-methylerythritol are the major carbohydrates in Delphinium (Ichimura et al., 2000a) and Phlox sublata (Enomoto et al., 2004) , respectively. In the petals of some plants including rose (Evans and Reid, 1988) and gladiolus (Yamane et al., 1991) , starch is an important reserve carbohydrate. In cut rose flowers, starch content decreases during flower opening and is accompanied by an increase in soluble carbohydrate concentration (Evans and Reid, 1988; Ho and Nichols, 1977) ; however, increased amounts of monosaccharides are much greater than the decreased amount of starch during flower opening in intact roses (Yamada et al., 2009a) . Similarly, in our study, increased amounts of monosaccharides during flower opening were much greater than the decreased amount of starch (Fig. 5B) , suggesting that the increase in monosaccharides could not be attributed only to the degradation of starch. Thus, the increase in monosaccharides is not mainly attributed to the degradation of starch, but to photosynthetic products transported to petals.
In growing leaves and shoots, including those of tomato and Beta vulgaris, inorganic ions act as osmotica, but soluble carbohydrates do not (Cram, 1976) . In contrast, soluble sugars contribute to maintaining osmotic potential in many fruits, such as tomato (Robinson et al., 1988) and apple (Yamaki and Ino, 1992) . Soluble carbohydrates act as osmotica in the petals of rose (Evans and Reid, 1988) , daylily (Bieleski, 1993) and gladiolus (Yamane et al., 1991) . In the present study, the concentration of K + was much higher than that of other inorganic ions, and the concentrations of Ca
2+
and Mg 2+ were considerable. Total concentration of inorganic ions did not increase during flower opening (Fig. 6 ), but inorganic ion content per petal increased because of increased petal FW. This indicates that inorganic ions act as osmotica, although inorganic ions do not contribute to a decrease in osmotic potential during flower opening. Similarly, K + is the major inorganic ion, but inorganic ion concentrations are almost constant in rose petals during flowers opening (Yamada et al., 2009a) . To clarify whether the finding of the role of inorganic ions on flower opening is common to plants, further study is required.
The sum of osmotic potential due to soluble sugars and inorganic ions at stages 1 and 4 was estimated to be −387 and −895 kPa, respectively, whereas total osmotic potential at these stages was −689 and −1,536 kPa, respectively (Fig. 7) . Thus, osmotica other than soluble sugars and inorganic ions should be present. Since organic acids including malic acid have been reported to act as osmotica in many plants (Cram, 1976) , some organic acids may contribute to maintaining osmotic potential in T. caerulea petals. In addition, the large differences between osmotic potential due to soluble sugars and inorganic ions and total osmotic potential may be partially attributed to differences in the recovery of the extracts.
In conclusion, petal growth before flower opening depended on cell division and expansion, and petal growth during flower opening was attributable to petal cell expansion. Osmotic potential of the petals decreased during flower opening. Glucose and fructose concentrations markedly increased during flower opening, but inorganic ion concentrations did not. The results suggest that an increase in these sugar concentrations largely contributes to the decrease in osmotic potential. This decrease may facilitate water influx to cells, thereby maintaining pressure potential, which is apparently involved in petal cell expansion associated with flower opening of T. caerulea.
